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ABSTRACT
We propose that the accretion of a dwarf spheroidal galaxy provides a common
origin for the giant southern stream and the warp of M31. We run about 40 full N-body
simulations with live M31, infalling galaxies with varying masses and density profiles,
and cosmologically-plausible initial orbital parameters. Excellent agreement with a full
range of observational data is obtained for a model in which a dark-matter-rich dwarf
spheroidal, whose trajectory lies on the thin plane of corotating satellites of M31, is
accreted from its turnaround radius of about 200 kpcs into M31 at approximately 3
Gyrs ago. The satellite is disrupted as it orbits in the potential well of the galaxy
and forms the giant stream and in return heats and warps the disk of M31. We show
that our cosmologically-motivated model is favoured by the kinematic data over the
phenomenological models in which the satellite starts its infall from a close distance
of M31. Our model predicts that the remnant of the disrupted satellite resides in the
region of the North-Eastern shelf of M31. The results here suggest that the surviving
satellites of M31 that orbit on the same thin plane, as the disrupted satellite once did,
could have all been accreted from an intergalactic filament.
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1 INTRODUCTION
A significant fraction of observed galaxies exhibit tidal fea-
tures such as tidal tails, streams and shells (Malin & Carter
1980, 1983). These features are widely believed to be the
products of merger events (Hernquist & Quinn 1988, 1989).
Numerous simulations have shown that tidal structures form
during mergers of galaxies and observations of tidal struc-
tures have been used to put bound on various parameters,
such as the orbital parameters and the masses of the host
galaxies and their satellites.
In this work, we consider Andromeda or Messier 31
(M31) which is a rare example of a spiral galaxy that ex-
hibits tidal features, such as streams and shells. Andromeda
galaxy contains two rings of star formation off-centered from
the nucleus (Block et al. 2006 and references therein) and
most notably a Giant Southern Stream (GSS) (Ibata et al.
2001; Ferguson et al. 2002; Bellazzini et al. 2003; Zucker et
al. 2004; Ibata et al. 2005, 2007; Richardson et al. 2008).
The giant southern stream is a faint stellar tail located at
the southeast part of M31. It extends radially outward of
the central region of M31 for approximately 5 degrees, cor-
responding to a projected radius of ∼ 68 kpc on the sky. The
stream luminosity is LGSS ∼ 3.4 × 107 L corresponding to
a stellar mass of MGSS ∼ 2.4 × 108M for a mass-to-light
ratio of 7 (Ibata et al. 2001; Fardal et al. 2006).
In the follow-up observations of the GSS, two other
structures corresponding to stellar overdensities, which are
now believed to be two shells, have been discovered (Fergu-
son et al. 2002; Fardal et al. 2007). The colour-magnitude
diagram of the North-Eastern shelf (NE) is similar to that of
the giant southern stream (Ferguson et al. 2005; Richardson
et al. 2008). This similarity has been a strong argument in
favour of models which predict that both the GSS and the
NE are the results of a single merger event between M31 and
a satellite galaxy (Ibata et al. 2004; Font et al. 2006; Fardal
et al. 2007).
A major merger scenario, dating back to a few Gyrs,
from which M31, its giant stream, and many of its dwarf
galaxies emerge has been proposed (Hammer et al. 2010,
2013). On the other hand, a phenomenological minor merger
scenario has also been studied extensively, in which a satel-
lite galaxy falls onto M31, from a distance of a few tens of
kpcs, on a highly radial orbit (of pericentre of a few kpcs)
less than one billion year ago. The satellite is tidally dis-
rupted at the pericentre passage and forms the observed
M31 stream and the two shelves (Fardal et al. 2006, 2007).
Although these empirical models provide good fits to the
observations, they suffer from simplifications. First, M31 is
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Component Model Scale length(s) Mass Additional parameters
(kpc) (1010M)
Disk Exponential disk Radial: Rd = 5.40 3.66
Vertical: z0 = 0.60
Bulge Hernquist sphere 0.61 3.24
Halo NFW sphere 7.63 M200 = 88 c = 25.5
r200 = 195 kpc
Table 1. Values of the parameters for different components of M31, used in our simulations.
not modeled as a live galaxy but is only presented by a
static potential and consequently the effect of dynamical
friction is not properly taken into account. Second, there is
no dark matter in the progenitor satellite whereas a good
fraction of satellite galaxies in the local group seem to be
dark-matter-rich. Finally, the origin of the infalling satellite
and its trajectory in the past is completely overlooked. It is
highly implausible that a satellite on a highly radial orbit
could have survived to arrive at an easy reach of M31.
In the present work, we run full N-body simulations of
mergers of satellites with a live M31. We take M31 as a
live galaxy composing of a disk, a bulge and a dark matter
halo of varying mass-to-light ratios and study the infalls of
satellites with different density profiles, masses and orbital
parameters. Although a live realization of M31 has already
been simulated for this model to derive an upperlimit on the
mass of the satellite (see e.g. Mori and Rich (2008)), here
we study the dependence of the properties of the simulated
stream on the internal structures of the progenitor and also
study the history of the satellite itself. First, we confirm that
the empirical models, in which a dark-matter-poor satellite
falls on a highly-radial orbit from a short distance of a few
tens of kiloparsecs, reproduce various observed features of
the giant stream of M31. We study the orbital history of the
satellite back in time and show that it is expected to have
experienced several close encounters with M31 (Ibata et al.
2004; Font et al. 2006). We demonstrate that a satellite that
survives to reach within a short distance of its host halo is
unlikely to have followed a highly eccentric orbit.
We propose an alternative cosmologically-plausible sce-
nario for the origin of the giant stream and also the warp
structure of M31 disk itself. Here, a dark-matter-rich satel-
lite is accreted and falls from its first turnaround radius, on
an eccentric orbit onto M31. The best agreement with the
observational data is obtained when the satellite lies on the
same plane that contains many of the present dwarfs of M31
(Ibata et al. 2013; Conn et al. 2013). Unlike previous em-
pirical models, the disk of M31 is perturbed by the infall of
the massive satellite in our model and becomes warped.
The paper is organised as follows. In Section 2, we
present details of our numerical simulations and N -body
modeling. In Section 3, we present results for the phe-
nomenological models of GSS formation. Section 4 is de-
voted to the study of the orbital history of the satellite. In
Section 5, we present the results for our alternative ”first-
infall” scenario. The perturbation, heating and warping of
the disk of M31 due to the infall of the satellite are discussed
in Section 6. We conclude in Section 7.
2 NUMERICAL METHODS
2.1 M31 mass model
The large spiral galaxy M31, at a distance of d = 785 ± 25
kpc from Milky Way, is probably the most massive, with a
mass of M300 = 1.4 ± 0.4 × 1012M, member of the local
group.
The mass model of M31 that we use is based on previ-
ous works (Geehan et al. 2006). The disk of M31 is usually
modeled with an exponential surface density profile which
can be written in cylindrical coordinates as :
Σ(R) = Σ0e
−R/Rd =
Md
2piR2d
e−R/Rd , (1)
where Σ0 is the disk central surface density, Rd is the disk
scale length in the radial direction and Md is the mass of
the disk. We set Rd = 5.40 kpc and Md = 3.66 × 1010M
(Fardal et al. 2007). The disk has a finite thickness and its
profile in the vertical direction is assumed to be proportional
to sech2(z/z0) with a scale length z0 = 0.60 kpc, which re-
sults in the density profile,
ρ(R, z) =
Σ(R)
2z0
sech2(
z
z0
) . (2)
The inclination and position angle of the disk are set to 77o
and 37o respectively (Fardal et al. 2007).
A spherical bulge modeled as a Hernquist profile (Hern-
quist 1990) with a scale radius of rb = 0.61 kpc and a mass
of Mb = 3.24 × 1010M is also added to the model. The
resulting density profile of the bulge is
ρb(r) =
Mb
2pi
rb
r
1
(r + rb)3
. (3)
We also add a spherical dark matter halo with an NFW
profile (Navarro et al. 1996)
ρh(r) = ρc
δc
(r/rh)(1 + r/rh)2
, (4)
where the parameter rh is the scale radius of the halo, ρc is
the background density of the Universe at the current epoch
and δc is the overdensity parameter. The concentration pa-
rameter c, which is the ratio of the scale radius to virial
radius r200, is set to c = r200/rh = 25.5 and the mass within
the virial radius is fixed at M200 = 8.8 × 1011M. The
values of various structural parameters are given in Table 1.
To generate the N-body realization of M31, we use
the technique developed in previous works (Hernquist 1993;
Springel and White 1999) which consists of approximating
the velocity distribution by a 3-dimensional Gaussian whose
moments are calculated using Jeans’ equations. The halo of
M31 is represented by N = 241369 particles while the bulge
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Component N m (M)
Disk 108929 3.36 × 105
Bulge 96247 3.36 × 105
Halo 241369 3.36 × 106
Table 2. Number of particles and mass resolution for our N -body
realisation of M31.
and the disk have N = 96247 and N = 108929 respectively.
This ensures that the mass resolution for dark matter is, at
most, ten times the mass resolution for the baryons, as given
in Table 2.
2.2 The satellite progenitor
2.2.1 Morphology
Based on the mass of the giant stream, which is found to be
around 2.4×108M, and the extent of the giant stream, the
stellar mass of the progenitor satellite has been estimated to
be around M = 2.2 × 109M (Font et al. 2006; Fardal et
al. 2007). However, the morphology and the density profile
of the progenitor are not immediately constrained by the
giant stream and the shelves. Consequently, we have run
simulations with different profiles and components. In total
we ran about 40 simulations, by varying the density profile,
dark matter content and the initial orbital parameters of
the satellite. We group our simulations into two categories.
The first category of the simulations uses a satellite with
no dark matter and the common best-fit values of the or-
bital parameters (Fardal et al. 2007, 2013). We shall refer
to these models as the empirical or phenomenological mod-
els. The simulation results for this category of models are
presented in Section 3. In the second set of simulations, we
search in different part of parameter space for models with a
dark-matter-rich satellite and use cosmologically-motivated
initial orbital parameters. The results corresponding to this
category of models are presented and discussed in Section 5.
For each category of models, we run simulations with
two different morphologies for the satellite: first we assume
that the satellite was a hot spheroid and run a simulation
with a Plummer profile of scale radius a = 1.03 kpc. It has
already been reported that a satellite with such a profile
satisfactorily reproduces the observed properties of the gi-
ant stream (Fardal et al. 2007, 2013). The difference with
the previous works is that here we have a live M31 and
consequently can properly take into account the effect of
dynamical friction. We shall refer to this as the Plummer
model or shortly Plummer. We also run two further simula-
tions with spherical Hernquist profiles, one with same scale
radius a = 1.03 kpc as the Plummer model and one with
a = 0.55 kpc, the later is chosen such that the half-mass ra-
dius of the Hernquist model is equal to that of the Plummer
model. We shall refer to these models as Hernquist1 and
Hernquist2.
In a second set of runs, we assume that the satellite was
a cold rotating disk, which seems to reproduce the second-
order properties of the giant stream, in particular the ob-
served asymmetry in the transverse density profile, even
better than the previous examples of hot spheroids (Mc-
Connachie et al. 2003; Gilbert et al. 2007; Fardal et al.
2008). We use a two-component model for the progenitor
consisting of an exponential (sech2) disk as given by equa-
tion (2), with a mass of Md = 1.8 × 109M, a scale radius
of Rd = 0.8 kpc and a vertical scale length zd = 0.4 kpc,
as well as a Hernquist bulge of mass Mb = 0.4 × 109M
and scale radius 0.4 kpc. Because we lack constraint on the
orientation of the disk, we consider six different models with
evenly-spaced values of the inclination and position angles,
Ax and Az respectively. We refer to these disk models as
Diski with i = 1 · · · 6.
2.2.2 N-body realization: NBODYGEN
The equilibrium N -body realizations of the progenitor satel-
lites is generated by our code, NBODYGEN, which is spe-
cially tailored for the Plummer, Hernquist1 and Hernquist2
models.
NBODYGEN is a code used to generate N -body reali-
sations of multi-component elliptical and spheroidal galaxies
with an optional central black hole and is available publicly
at Sadoun (2013). The positions of particles for each com-
ponent (bulge and halo) are selected by sampling the cu-
mulative mass profile. The velocities are sampled from the
self-consistent distribution function given by Eddington’s
formula (see e.g. Binney and Tremaine (1987); Kazantzidis
et al. (2004)). The integrand in Eddington’s formula is tab-
ulated on a grid uniformly spaced in x = r/(r + rs) where
rs is a characteristic radius of the profile. The distribution
function is then calculated numerically on a grid of relative
energy  and linear interpolation is used whenever needed
to obtain values other than the tabulated ones.
For the spherical Plummer and Hernquist profiles, we
run our simulations with a total number of N = 131072 par-
ticles to model the progenitor satellite. The disk progenitors
are initialized using the same method as that used in the
previous subsection to make the N -body realization of M31.
In the case of disk models, the number of particles in the
disk is set to N = 107143 and in the bulge to N = 23809 in
order to have the same particle mass resolution in both com-
ponents. Given the chosen values for the number of particles
and the progenitor mass, the particle mass in all models is
ms = 1.68 × 104M (Table 2). The softening length is set
to ε = 30 pc for the satellite while it is ε = 39 pc for the
baryonic component and ε = 390 pc for the halo of M31.
3 EMPIRICAL MODELING OF THE M31
GIANT STREAM
3.1 The orbital parameters
Velocity and position measurements along the giant stream
have been used to constrain the orbital parameters of the
progenitor satellite. In the first part of this study, we adapt
the initial conditions (Fardal et al. 2007) :
x0 = −34.75 , vx0 = 67.34
y0 = 19.37 , vy0 = −26.12
z0 = −13.99 , vz0 = 13.50 ,
(5)
where the positions are in kpc and the velocities in km/s.
These best-fit parameters are calculated by fitting the or-
bital trajectory of the satellite to the observed position and
velocity data along the stream. In addition to the observed
c© 0000 RAS, MNRAS 000, 000–000
4 Raphael Sadoun, Roya Mohayaee & Jacques Colin
Model Profile Mass Scale radius Ax Az
(109M) (kpc) (o) (o)
Spherical
Plummer Plummer 2.2 1.03
Hernquist1 Hernquist 2.2 1.03
Hernquist2 Hernquist 2.2 0.55
Disk
Disk1 Exponential Disk = 1.8 Rd = 0.8 , zd = 0.4 0 0
Hernquist Bulge = 0.4 rb = 0.4
Disk2 . . . . . . . . . 45 0
Disk3 . . . . . . . . . 45 45
Disk4 . . . . . . . . . 45 90
Disk5 . . . . . . . . . 90 0
Disk6 . . . . . . . . . 90 45
Table 3. Values of parameters for different progenitor satellites used for an empirical modeling of the giant stream with live M31. The
inclination angle Ax and the position angle Az are of the satellite w.r.t. the disk of M31.
GSS data, the position of the NE shelf (ξ = 1.8o,η = 0.7o)
was also used to constraint the initial orbital parameters.
Various other similar models that find the orbits in slightly
different potential have also been proposed (Ibata et al.
2004; Font et al. 2006). All of these models constrain the
orbit of the progenitor to be highly radial.
3.2 Identification of tidal structures
The simulations are stopped at a time step that would yield
the best agreement between the simulated stream and the
observed stream and shelves, which corresponds to a time of
T ∼ 840 Myr. Fig. 1 shows the resulting real and phase-space
projection for a satellite initialized with a Plummer profile.
Particles are coloured by the numbers of pericentric passages
that they experience during the run. We use the phase space
plot to identify the shelves and the stream. The Giant stream
is easily identified and constitutes mostly of stars with neg-
ative velocity with respect to M31. Its spatial extension can
also be directly estimated from the phase-space plot and
is ∼ 140 kpc consistent with the observed value of 125 kpc
(Ibata et al. 2004). The shelves manifest themselves as zero
velocity surfaces in phase-space and hence are easily iden-
tified in a phase plot. Three of these phase structures can
be found in Fig. 1 and two of them are associated with the
NE and W shelves. The third inner caustic has not yet been
observed but is clearly a prediction of this model. The phase-
space projection also clearly reveals that each tidal structure
is formed of particles that went through equal numbers of
pericentric passages. Thus, the tidal structures are formed
by particles with similar initial orbital energies that have
been stripped from the satellite.
3.3 Spatial extent, morphology and stellar mass
Next, we make a more detailed comparison with the obser-
vations. Fig. 2 shows the stellar density maps in standard
sky coordinates at T = 840 Myr for the three models us-
ing a dynamically hot satellite with a spherical density pro-
file, namely the fiducial Plummer model and the two Hern-
quist models (Hernquist1 and Hernquist2). The fields cover-
ing the spatial region occupied by the GSS and which have
been used for the follow-up observations (McConnachie et al.
2003; Ibata et al. 2004) are plotted as solid rectangles with
proper scaling on this figure.
For the Plummer model (left panel), we clearly see that
the simulated stream is in good agreement with the ob-
servations regarding the morphology and spatial extent of
the giant stream. The total mass Mstream in the simulated
stream can be calculated once the particles which did not
originally belong to the satellite have been removed. We find
Mstream = 2 × 108M in excellent agreement with the value
of 2.4× 108M derived from observations. We can also com-
pare the spatial distribution of satellite particles with the
positions of the edges of the shelves. These edges are indi-
cated as solid lines in Figure 2 which are drawn by joining
the data points (Fardal et al. 2007). We can see that there
is still a fairly good agreement between the N -body model
and the observation. In particular, the azimuthal and radial
extent of the shelves are approximately reproduced with a
better agreement for the Western shelf.
The Hernquist models do not succeed in reproducing
correctly the proper apparent direction of the GSS on the
sky. The deviations between the direction of the simulated
and observed streams are not dramatic (a few degrees) but
still indicate clearly that the Plummer model is a better
fit to the data. Furthermore, the total mass of the stream
in the Hernquist1 and the Hernquist2 models is a factor of
∼ 2 lower than the mass in the Plummer model. For these
reasons, we only retain the Plummer model hereafter and
shall refer to it simply as the spherical model.
Next we consider the six disky models for the satel-
lite. Fig. 3 shows the stellar density maps in standard sky
coordinates for each of the 6 Disk models which is to be
compared to Fig. 2. We recall that the only parameter that
differs between these models is the initial inclination of the
progenitor disk with respect to the M31 disk . Let us first
consider the spatial distribution of stream particles in each
model. As can be seen from Figure 3, the first three models
(Disk1, Disk2 and Disk3) are able to reproduce the direction
of the stream but substantially overestimate its width. The
remaining three models (Disk4, Disk5 and Disk6) consis-
tently reproduce the correct morphology of the stream with
a slightly better agreement in the case of model Disk6. How-
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Figure 1. Real space x − y (left panel) and phase space r − vr (right panel) projection of stellar particles in the progenitor satellite
with a Plummer profile at the final time, t = 0.84 Gyr. On the x − y projection, we also show the particles that compose the disk of
M31 (black dots) and the orbit of the progenitor (dashed line) as traced by the initially-most-tightly-bound particles. In both panels,
the particles of the progenitor are colour-coded by the number of their pericentric passages: 1 (blue), 2 (green) or 3 (red).
Figure 2. Spherical progenitors: Stellar density maps in standard sky coordinates corresponding to particles of the satellite for the
three different spherical models; Plummer, Hernquist1 and Hernquist2 (from left to right). The position of the observed stream fields
from (McConnachie et al. 2003) are over plotted with the size of the field-of-view of the CFH12k camera. The solid lines indicate the
observed edges of the shelves. The total masses MGSS of particles which are selected as stream members in each of our N -body models
are indicated on each panel. Clearly, the satellites initialized with a cuspy Hernquist profile provide an overall poorer fit (for both position
and stream mass) to the data than a core Plummer profile.
ever, all models underestimate the total mass in the stream
by a factor of 2 similarly to the Hernquist spherical mod-
els that we have discussed previously. On the contrary, the
shelves morphologies and spatial extent seem to be better
reproduced by models Disk1, Disk2, Disk3 and Disk6 than
by the Plummer model. The shelves in models Disk4 and
Disk5 extend beyond the observed edges indicated by the
blue lines and moreover the azimuthal distribution is only
poorly reproduced. Overall, we find that the disk progenitor
that reproduces best both the morphology of the GSS and
the shelves is Disk6 model which corresponds to the situa-
tion where the satellite disk’s angular momentum is nearly
aligned with the major axis of M31. Consequently, hereafter,
we only consider this model as a preferred disk model for the
satellite.
c© 0000 RAS, MNRAS 000, 000–000
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Figure 3. Disk progenitors: Stellar density maps in standard sky coordinates at t = 0.84 Gyr for the six disk models of the satellite
studied here. The six models differ only in the initial orientation of the disk of the infalling satellite w.r.t M31. The plots have the same
representation as the Figure 2. We see that all models, initialized with a disk progenitor, tend to underestimate the stream mass which
has an observed value of MGSS ∼ 2.4 × 108M. The best overall agreement with the GSS data (see also Fig. 5) is obtained for model
Disk6 corresponding to a satellite whose major axis is perpendicular to that of M31.
c© 0000 RAS, MNRAS 000, 000–000
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3.4 Distance and kinematics
Next, we make a more in depth analysis of the spherical
(Plummer) and the disk6 models by testing them against
distance and kinematic data. Fig. 4 shows the distribution
of satellite particles (gray dots) for the Plummer model to-
gether with the 8 fields of the position and velocity observed
data (McConnachie et al. 2003; Ibata et al. 2004). The upper
panel corresponds to the projection in a sky coordinate sys-
tem rotated such that the x axis is aligned with the stream
and the y axis increases in the direction orthogonal to the
stream. In this projection, the center of M31 is still located
at the origin. We confirm that the morphology and spatial
extent of the simulated stream agrees well with the position
of the observed fields.
The middle and bottom panels show respectively the he-
liocentric distance and radial velocities as a function of dis-
tance along the stream. The observed line-of-sight distances
are reproduced remarkably well by the N -body model which
not only matches the observed values in individual fields but
also the gradients along the axis of the stream. The only ex-
ception is for field 8 which is the nearest field from the center
of M31. Therefore, it is likely that the distance estimate in
this field is contaminated by M31 stars. The radial veloci-
ties, on the other hand, show larger discrepancy especially
near the M31 disk. Apart from the first observational data
farthest from M31, velocities along the stream are system-
atically underestimated.
Fig. 5 shows the distribution of satellite particles in
model Disk6 at T = 840 Myr where the different panels
refer to the same quantities as their correspondences in
Fig. 4. The overall distribution of stream particles agrees
with the position of the observed field. However, the line-of-
sight distances are underestimated as compared to the ob-
served values. This is to be compared to the spherical Plum-
mer model, Fig. 4, which produced a better fit to these data.
The Disk model, as the Plummer model, systematically un-
derestimates the radial velocity along the stream, as shown
in the bottom panel of Fig. 5.
Overall, we find that, to first order, there are no clear
evidence to favor the disk model over the spherical Plummer
model when including a live realization of M31. Both satel-
lite morphologies are able to reproduce well the first order
properties of the stream.
3.5 Number density profiles
Next, we test the disk and spherical models against second-
order properties of the GSS. Fig. 6 and Fig. 7 show the
number density profile as a function of distance parallel and
orthogonal to the stream respectively.
Both models are able to reproduce the density pro-
file along the stream but the spatial extension of the GSS
(∼ 5o) is better fitted by the spherical Plummer model.
Fig. 6 shows that both models produce a good approxima-
tive profile along the stream and hence this data cannot
be used to prefer one over another. The observed profile in
the transverse direction (Fig. 7) is asymmetric with respect
to the center of the observed fields with an excess in the
north-eastern direction. This trend is captured correctly by
the disk model which uses a rotationaly-supported satellite
(Fardal et al. 2008). On the other hand, the spherical Plum-
Figure 4. Comparison of N -body results from the Plummer
model with positional and kinematical data of the GSS: position
in stream-aligned coordinates (top panel), heliocentric distance
(middle panel) and radial velocity (bottom panel) as a function
of distance along the stream. Green filled circles show the data
points corresponding to the fields 1-8 of (McConnachie et al.
2003). Radial velocity measurements are taken from (Ibata et al.
2004) and are only available in four of these fields. The particles
of the progenitor in our simulation are represented as gray dots.
The model is able to fit reasonably well the observations and can
reproduce the distance-position correlation quite well. However,
the phase plot (bottom panel) shows clearly that the velocity
along the stream is mostly underestimated.
mer model fails to reproduce this behaviour and, in fact,
shows an excess in the south-west direction, contrary to the
observational result. The orthogonal profile of the stream
is the only observation clearly in favour of a disky progeni-
tor for the phenomenological models whereas all other data
seem to agree with both models almost equally well.
4 WHERE DID THE SATELLITE COME
FROM ?
So far in this work, we have used a single set of initial con-
ditions, given by eq. 5, for the progenitor satellite. This
set of initial conditions assumes that the satellite started
its infall onto M31 around 800 Myrs ago at a separation
of about 40 kpc. Although these models provide reasonable
fits to the observations, they remain unmotivated and purely
c© 0000 RAS, MNRAS 000, 000–000
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Figure 5. The figure compares the results from our N-body sim-
ulation for model Disk6 with the observational data. This figure
is similar to Fig. 4 but is now made for a disky satellite. Com-
pared to the spherical Plummer satellite (Fig. 4), the disk model
shows a larger spread in the distance-position correlation (mid-
dle panel). It also fails to properly model the radial velocity data
which, apart from the farthest data point, are systematically un-
derestimated (bottom panel).
phenomenological. Satellite galaxies are not usually accreted
into their host haloes for the first time from a close random
distance and a satellite at a short distance from its host
halo, on a highly radial orbit, is expected to have already
been fully disrupted by the host on the previous pericentre
passages.
If a satellite was at the origin of the GSS, then its origin
itself need be properly traced back in time before a plausi-
ble set of initial conditions could be put forward. Although
most galaxies host satellites, the history of these satellites
and their orbital characteristics remain obscure. Within the
standard model of ΛCDM, a hierarchical formation of galax-
ies favours the early formation of satellites and a later for-
mation of their host galaxies. The initial motion of a satel-
lite in its host potential is determined by the balance of two
”forces”: the Hubble expansion that pushes the satellite out-
wards and the gravitational potential of the host halo that
pulls the satellite inwards. The satellite, initially on Hubble
flow, slows down under the attraction of its host galaxy un-
til its velocity is reduced to zero at which point it separates
from the background Hubble expansion, turns around and
Figure 6. Stellar number density profile in the direction parallel
to the stream. The black line shows the data (McConnachie et al.
2003). The blue line is the result from the spherical Plummer
model while the green line corresponds to model Disk6. Since
the number of stellar particles in the stream in our simulations
is vastly superior to the number of observed stars, we normalize
each profile by their respective maxima in order to be able to
compare them directly to the observed profile. Furthermore, we
exclude particles that are outside the region corresponding to the
observed fields when calculating the profiles from our simulations.
Figure 7. Stellar number density profile of satellite stars in the
direction orthogonal to the stream. The lines have the same mean-
ing as in Figures 6. The GSS shows an asymmetry in the stellar
distribution in the transverse direction which is better reproduced
by a cold disk satellite than a dynamically hot progenitor.
is accreted into the host galaxy. It is rather unlikely, that
the satellite went through a turnaround and then arrived at
(5), as the present turnaround radius is by far larger than 40
kpc. (The present turnaround radius of M31 is about 1 Mpc
and the turnaround radius would roughly grow as t8/9, given
by a simple selfsimilar model (Fillmore & Goldreich 1984;
Bertschinger 1985)) Satellites at such close separations from
their host galaxies are most likely to have gone through a
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Figure 8. Tracing the progenitor orbit back in time: (x, y) pro-
jection (top) and orbital radius evolution (bottom) for the numer-
ically integrated orbits for initial conditions given by equation (5)
for the empirical models. The dotted line represents the forward
integration from the initial point (denoted with a filled circle)
while the solid lines correspond to the past of the progenitor with
(blue line) and without (black line) dynamical friction (DF).
few orbits and to have arrived close to their host by losing
energy through dynamical friction. However, a satellite that
moves on a highly radial orbit would suffer disruption at its
pericentre passages, such that it would not survive to reach
a distance of 40 kpc from M31.
To study this problem in details, we follow the trajec-
tory of a particle in the potential of M31 back in time. Once
again as for a live M31 in subsection 2.1, we model M31
as a Hernquist bulge with an NFW halo, but consider a
Miyamoto-Nagai potential (Miyamoto and Nagai 1975) for
the disk in order to have an analytic expression for the po-
tential. In the backward integration, we also include a “back-
ward” dynamical friction which is modeled using the well-
known Chandrasekhar’s formula (Chandrasekhar 1943; Bin-
ney and Tremaine 1987). Clearly, we make the simplifying
assumption that the satellite loses little mass. The orbit in-
tegration is performed using a leapfrog integrator, because
it is time-reversible and we can explore both forward and
backward orbit integrations. We begin our orbit integration
from the initial condition (5) and integrate both forwards
and backwards from this point for up to t = 2 Gyr in either
directions. For the backward integrations, we have consid-
ered both cases with and without the dynamical friction.
The resulting orbits are plotted in Figure 8 which shows,
in the top panel, the trajectory of the satellite in the (x, y)
plane, and in the bottom panel, the evolution of its orbital
radius as a function of time. The plots clearly show that
dynamical friction causes the test particle to gain energy
when the orbit is integrated backwards. It is also clearly seen
that the satellite has had several close pericentric passages
(r ∼ 1 kpc) prior to the GSS formation event. This is not
entirely surprising since the characteristic of GSS constrains
the satellite to be on a highly eccentric orbit. However, a
dwarf galaxy such as the satellite considered here is likely to
be strongly disrupted after even a single one of these close
encounters with M31.
A possible way out of this impasse would be to argue
that the satellite was a compact dwarf galaxy whose core
survived repeated tidal shocks when passing through M31
(Ibata et al. 2004). As a consequence, M32, a very dense
satellite of M31, was suggested as a probable origin for GSS.
However it was noted that the velocity and internal disper-
sion of M31 are difficult to match with the observed kine-
matics of the GSS and furthermore M32 seems rather quiet
and unperturbed. It is worth mentioning that a collision
between M32 and M31 has been investigated numerically
in order to explain the ring structures observed at infrared
wavelengths in the M31 disk (Block et al. 2006). Our various
test simulations, have shown that even the core of a satel-
lite would not survive too many pericentre passages. This
scenario would indeed require an unrealistically overdense
galaxy to survive these passages and satisfy the observed
properties of the giant stream.
A different and somehow far-fetched argument in favour
of such a model is to assume that the satellite actually
formed at a distance of around 40 kpc from M31 a few hun-
dreds of megayears ago. However, this is rather unlikely in a
ΛCDM hierarchical model in which satellite galaxies are in
general older and form earlier than their parent galaxies and
also it would be difficult to explain the stellar population of
the giant stellar stream in such a model.
In the next section, we propose a new set of initial
conditions that are cosmologically-motivated and overcome
the difficulties encountered in the empirical models for the
formation of GSS and show that indeed such reasonably-
conceived models do satisfy a full range of observational
constraints.
5 A DARK-MATTER-RICH SATELLITE ON
ITS FIRST INFALL
5.1 Orbital parameters
In a general cosmological set up, the accretion of a satellite,
initially on Hubble flow, into a galaxy occurs when it decel-
erates under the gravitational attraction of its host, reaches
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Figure 9. The sky map of the satellites of M31 is shown (see Ibata et al. (2013); Conn et al. (2013) for full details). We have shown
the positions of the giant stream (GSS) by the filled green circles. The grey box shows the initial position for the GSS progenitor in the
previous empirical models (see equation (5) in Section 3). The orbit of the progenitor satellite given by the N-body simulation of our
first-infall model (see Section 5) is shown by stars, which lies almost on the same thin plane as most of the satellites of M31. In our
model, the progenitor satellite is accreted from a large first turnaround distance of about 200 kpcs.
Figure 10. This map is similar to Fig. 9 but all positions are now viewed from Andromeda. We show the initial position of the satellite
in our first-infall model (see equation (6) in Section 5) by star. The thin plane containing many of the M31 satellites is also drawn (see
Ibata et al. (2013); Conn et al. (2013) for full details). The position of the giant stream (GSS) is also shown on this map by green filled
circles.
a zero velocity surface, turns around and falls back into the
host potential. As the parameter space for our problem is
unmanageably large, we focus the initial conditions for our
simulations around these cosmologically most-plausible con-
figurations. In our model, the satellite starts its infall onto
M31 from its first turnaround radius.
An estimate of the turnaround radius of the satellite can
be made as follows. The turnaround radius grows, roughly,
as rta ∼ t8/9 , which is given by a simple secondary infall
model (Fillmore & Goldreich 1984; Bertschinger 1985) for a
highly radial and smooth accretion. It has been shown that
the secondary infall model represents quite well the numeri-
cal simulations in which dark matter haloes grow by clumpy
accretion of satellites (Ascasibar et al. 2007). It is hard to
estimate the present turnaround radius of M31, as Milky
Way and M31 are thought to have a common halo. How-
ever, most observations put the present turnaround radius
of M31 at around 1 Mpc. Hence using the above expression,
we see that a few Gyrs ago, the turnaround radius of M31
was about a few hundreds of kpcs. We run around 40 full N-
body simulations to fine-tune in this part of the parameter
space. In our best-fit model, the satellite starts at its first
turnaround radius at about 200 kpcs with a null velocity
and along the direction
x0 = −84.41 ,
y0 = 152.47 ,
z0 = −97.08 , (6)
where the coordinates are given in kpc and in a reference
frame centered on M31 with the x axis pointing east, the y
pointing north and the z axis correspond to the line-of-sight
direction. These initial conditions have been found by sam-
pling the parameter space in the region corresponding to the
direction of the GSS observations, which is remarkably the
same plane that is inhabited by the majority of the satel-
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lites of M31 (Ibata et al. 2013; Conn et al. 2013), as shown
in Fig. 9 and Fig. 10.
A satellite on such an orbit would have a very large ve-
locity at the pericentre passage and would not be able to
account for the large mass of the GSS, as it would loose too
little mass. However, it could slow down by dynamical fric-
tion, which can be significant if the satellite is dark-matter-
rich. Therefore, we consider a dark-matter-dominated satel-
lite which is also consistent with the observation of most
local group dwarfs (see e.g. (Mateo 1998)). We assume that
the stellar mass of the satellite is still the same as we used
for the empirical models, i.e. Ms = 2.2 × 109M, studied in
Section 3. This assumption is reasonable as the stellar mass
of the satellite is relatively well-constrained by the stellar
mass of the GSS (Fardal et al. 2006). In our best fit initial
conditions, the ratio of total to stellar mass is M/Ms = 20
and the halo has a mass of MDM = 4.18 × 1010M.
5.2 Spatial extent, morphology and stellar mass
In order to assess the ability of our model to reproduce the
GSS observations, we perform a similar analysis as we did
in Section 3. As before, the total time T of the simulation
is chosen such that to obtain a best match between our
simulated stream and the GSS. With our cosmologically-
motivated scenario, we find T = 2.7 Gyrs. Thus, the overall
merger timescale in our scenario is much longer than for the
phenomenological models which had T = 0.84 Gyrs.
First, we test the spatial distribution, morphology and
stellar mass in the stream. Fig. 11 shows the real space (left
panel) and phase space (right panel) projections of stellar
particles initially in the satellite similarly to Fig. 1. For clar-
ity, the dark matter particles of both M31 and the satellite
have been omitted from these plots. We trace the orbit of
the satellite by following the initially most-bound particles
in our simulation. The resulting trajectory is represented as
a dashed line in the real space projection and shows that
the merger is almost a head-on collision between M31 and
the satellite. We are also able to identify the tidal structures
in phase-space and find again the presence of an extended
stream and two caustics formed by coherent group of parti-
cles with same number of pericentric passages.
The stellar density maps in sky coordinates compared to
the position of the observed fields of the GSS and the edges
of the two shelves is shown in Fig. 12. We obtain a good
agreement between our simulated stream and the GSS in the
case of the spherical Plummer model. On the other hand,
the disk model is unable to reproduce correctly the angular
direction of the stream. We also calculate the stellar mass of
the simulated stream and find MGSS = 1.912 × 108M for
the spherical model in good agreement with the estimated
GSS mass and MGSS = 1.121 × 108M for the disk model
as indicated by Fig. 12. This further confirms that the disk
model provides a poorer fit to the GSS than a spherical
satellite.
5.3 Distance and kinematics
Next, we examine the three dimensional distribution of the
stream and its kinematics. Fig. 13 and 14 show the compari-
son between our simulated stream and observations, similar
to what we did in Fig. 4 and 5 for phenomenological mod-
els. We obtain an excellent agreement with observations for
both the spatial distribution as well as the heliocentric dis-
tance and radial velocity measurements. The agreement is
significantly better for the spherical model than for the disk
model. In particular, for the spherical model, the scatter in
the distance-position correlation is fully consistent with the
distance error estimates from McConnachie et al. (2003) ex-
cept for field 8 which is most-likely due to contamination
from M31 disk stars since this field is the closest from M31
center.
The kinematic data, from the observations of GSS, pro-
vides a strong evidence in support of our model. The phase
plot, bottom panel in Fig. 13 follows the motion of the satel-
lite as it falls into and is disrupted by M31 and forms the
giant stream. Our simulations show that the kinematic data
favours an infall from a large initial radius. Previous em-
pirical models produce a less satisfactory agreement with
the velocity data and have a large velocity offset, because
in these models, studied in Section 3, the satellite starts its
infall at a short distance of about 40 kpcs from M31 and
hence the velocity of stream particles, throughout the orbit,
are smaller than suggested by the observations. A short ini-
tial infall radius means a shorter subsequent apocentre and
hence a smaller velocity along the trajectory.
5.4 Number density profiles
We also investigate the density profiles of the stream in our
models. Similarly to the procedure described in Section 3, we
only consider particles in the region defined by the observed
fields. Fig. 15 shows the density profile in the direction par-
allel to the stream. We find that, for both the spherical (blue
line) and the disk (green line) models, the shape of the sim-
ulated profile differs slightly from the observed one (black
line). In our models, the density decreases more rapidly in
the inner region of the stream but presents a shallower slope
at large distances.
The density profile in the transverse direction is shown
in Fig. 16. For our first-infall scenario, the spherical model
reproduces well the asymmetric profile orthogonal to the
stream but the disk model fails to do so.
5.5 Velocity dispersion
So far, we have compared the kinematics of the stream with
the observed GSS kinematics using the radial velocity mea-
surements given by Ibata et al. (2004). However, we can
further test the viability of our model by comparing the ve-
locity dispersion at difference radii from the center of M31,
to those given by the observations. From the radial veloc-
ity measurements in fields 1,2, 6 and 8, (Ibata et al. 2004),
the mean observed velocity profile along the stream has been
found and fitted by vh(η) = −4244.8 tan η−610.9kms, where
η is the North-South direction in standard sky coordinates.
It is then possible to derive an estimate of the velocity dis-
persion along the stream as the offset between this mean
profile and the velocity of each stellar particle.
We show in Fig 17 the distribution of velocity offsets
calculated for both the empirical modeling of the orbit with
Rinit = 40 kpc (first row), discussed in Section 3 and for our
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Figure 11. Distribution of stellar particles in the satellite in the x − y plane (left panel) and the phase plot in the r − vr plane (right
panel) at t = 2.7 Gyr for our first-infall N -body model using a spherical progenitor. The plots represent the same quantities as in Figure
1 but are now made for our first-infall model. Although difficult to identify in real space, the presence of two tidal caustics corresponding
to a second and a third orbital wrap are clearly seen in the phase space (right panel). The north-eastern shelf shown in green and the
western shelf shown in red, near the zero velocity surfaces, correspond to stars on their second and third pericentre passages, respectively.
The position of the remnant of the satellite, which lies in the region of the north-eastern shelf, is also clearly seen in this plot which is
in agreement with results from a recent statistical approach (Fardal et al. 2013).
Figure 12. Stellar density maps in standard sky coordinates similar to Figure 2 but for our cosmologically motivated “first infall” model
plotted for a cold disky progenitor (left panel) and a hot spheroidal dwarf progenitor (right panel). Our simulations favour a dynamically
hot spheroidal dwarf over a cold disky progenitor.
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Figure 13. Comparison of results from our N -body simulation of
the first-infall model using a spherical Plummer satellite with ob-
servational data for the GSS. The figure is similar to Fig. 4. Our
cosmologically-motivated first-infall scenario for the formation
of the giant stream successfully reproduces the stream’s three-
dimensional position and kinematics.
first-infall models with Rinit = 200 kpc (bottom row). In
each row, the left and right panels correspond respectively
to the result obtained using a spherical and a disk satel-
lite. In each panel, the green histogram is the result calcu-
lated from stellar particles in our simulated stream and the
black histogram is the distribution from the observations
(Ibata et al. 2004). We fit a gaussian distribution to the his-
togram to estimate the dispersion in the stream, similar to
the procedure used by Ibata et al. (2004). They estimate
the velocity dispersion in the stream to be σ = 11 ± 3kms.
We find that all models tend to overestimate the disper-
sion in the stream. However, the best match between the
observed and estimated distributions is obtained for our
cosmologically-motivated first-infall scenario with a spher-
ical Plummer satellite. The small apocentre of the satellite
trajectory in the empirical models, studied in Section 3, is
the reason for the systematic underestimation of the veloci-
ties.
Figure 14. Comparison of results from our N -body simulation
of the first-infall model using a disky satellite (grey dots) to the
observational data (green points with error bars). The figure is
similar to Fig. 4. The agreement with the data is poorer than that
of our model with a spherical progenitor (see Fig. 13).
5.6 Dark-matter-poor versus dark-matter-rich
progenitor satellite
Our best fit model favours a dark-matter rich spheroidal
dwarf galaxy as the progenitor of the GSS. However, one
might argue that dark matter halo would play a marginal
roˆle in the formation of the GSS, as most of it is stripped
off the satellite long before it passes through M31. In this
section we shall use our N-body simulations to study this
question.
We quantify the mass-loss experienced by the satellite
in our first-infall model. In our simulations, the dark halo
is sampled with Nh = 183333 particles, yielding a mass res-
olution of mh = 1.68 × 105M for dark matter particles.
The satellite starts initially at r ∼ 200 kpcs and is followed
up to r ∼ 40 kpcs.
To obtain an estimate of the mass-loss from the satellite,
we compute the dark matter mass Mi(< ri) that encloses
a fixed radius ri as a function of time. The evolution for
ri = 1, 2, 5, 10, 20 and 50 kpcs is plotted in Fig. 18. The
pericentre occurs for t/t0 ∼ 0.85 where t0 is defined as the
time at which the satellite reaches r ∼ 40kpcs. The halo is
largely unaffected up to t/t0 ∼ 0.6 at which point it starts
to significantly deform due to the M31 tidal field. Neverthe-
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Figure 15. Density profile of satellite stars calculated in the
direction parallel to the stream (same as done for Fig. 6) for our
first-infall models. The black line shows the data (McConnachie
et al. 2003). The blue line is the result from the spherical Plummer
model while the green line corresponds to a disky satellite. We
find minor deviations from the observed profile (black line) with a
steeper shape at small distances and a shallower behavior at large
radii for both a spherical (blue line) or disk (green line) satellite.
The length of the stream is broadly consistent with its observed
value.
Figure 16. Density profile of satellite stars calculated in the di-
rection transverse to the stream as presented previously in Figure
7 but now for our first-infall models. The black line shows the data
(McConnachie et al. 2003). The blue line is the result from the
spherical Plummer model while the green line corresponds to a
disky satellite. The spherical progenitor clearly reproduces better
the asymmetric shape of the profile than the disky satellite.
less, the satellite is able to retain a large portion of its mass
up to t = t0 which is when it reached at a 40 kpcs of M31.
We conclude that dark matter halo can still contribute to
a large fraction of the satellite mass up to the formation of
GSS. The orbital history of the satellite, reconstructed from
simple numerical integration might give a contradictory re-
sult. However such integrations could be oversimplified and
Figure 17. Velocity distribution of stream particles in four differ-
ent N -body simulations of the models that successfully reproduce
the positional data as well as the distance and velocity gradients
along the stream. The black histogram is given by the observa-
tions (Ibata et al. 2004) and the green by our 4 simulations. The
smooth green curves are the Gaussian fits. The models with a
dark-matter-poor satellite that use the initial phase-coordinates
of equation 5 are in the top panels whereas our first-infall mod-
els, which use a dark-matter-rich satellite with the initial orbital
parameters given by the equation 6, are shown in the bottom pan-
els. The left column shows the case of an spherical satellite and
the right column the case of a disk satellite. All the models are
roughly consistent with the velocity dispersion derived from the
observed GSS kinematics (Ibata et al. 2004). The cosmologically-
motivated first infall model (lower panels) has the least offset
w.r.t. the observations.
a proper N-body simulations, done here, is necessary to fully
model the mass loss for the unusual cases of highly eccentric
orbits.
6 THE WARP OF M31 DISK
The presence of a warp in the neutral hydrogen disk of
M31 has been known for some times (Baade & Swope 1963;
Roberts 1966; Newton & Emerson 1977; Whitehurst et al.
1978; Innanen et al. 1982; Ferguson et al. 2002; Richardson
et al. 2008). Indeed, warps seem to be a common feature of
many galaxies and it has been shown that of the order of half
of all galactic HI disks are measurably warped, as is the disk
of the Milky Way (Bosma 1978). Briggs (1990) studied the
warps of a sample of 12 galaxies in details and inferred sev-
eral general laws that govern the phenomenology of warps.
In the years that followed Briggs’ work, many more cata-
logues of warp galaxies have been developed (see e.g. Reshet-
nikov & Combes (1999); Sa´nchez-Saavedra et al. (2003)).
The fact that stellar warps usually follow the same warped
surface as do the gaseous ones (e.g. Cox et al. (1996)), is
a strong evidence that warps are principally a gravitational
phenomenon.
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Figure 18. Evolution of the enclosed dark matter mass
MDM(< r) of the satellite as a function of time for different radii r
in our first-infall N -body models. The solid and dashed line corre-
spond to a spherical or a disk progenitor respectively. The vertical
dotted line indicate the time when the satellite is at r ∼ 40 kpc,
which is the starting point for various phenomenological models,
discussed in Section 3 . The vertical dashed line corresponds to
the pericentric passage. Due to the highly eccentric orbit required
to reproduce the GSS, in both models the satellite is able to re-
tain a significant fraction of its dark matter halo as it falls towards
M31 from 200 to 40 kpc.
The origin of warps remains unclear but numerous the-
ories based on the interaction between the disk and the
halo, or the cosmic infall and tidal effects, or nonlinear
back-reaction from the spiral arms, or modified gravity have
been proposed (e.g. see Ostriker & Binney (1989); Quinn &
Binney (1992); Binney (1992); Nelson & Tremaine (1995);
Masset & Tagger (1997); Jiang & Binney (1999); Brada &
Milgrom (2000); Lo´pez-Corredoira et al. (2002); Sa´nchez-
Salcedo (2006); Shen & Sellwood (2006); Weinberg & Blitz
(2006)).
In this work, we study the formation of the warp of M31
as a result of the infall of the satellite progenitor of the giant
stream. Up to now, we have only studied the tidal effect of
M31 on the infalling satellite. However, as our satellite is
massive, the disk of M31 could also become heated and per-
turbed during this infall. A few snapshots of the evolution
of the disk of M31 is shown from the beginning of the sim-
ulation to the end in Fig. 19. The figure clearly shows that
the disc becomes tilted, heated and warped as the infalling
satellite approaches and goes through M31.
To study these effects quantitatively, we first calculate
the vertical height profile of the disk, < z2 >1/2, as a func-
tion of the cylindrical radius R as shown in Fig. 20. For
Figure 19. Edge-on view of the M31 disk at different times in
our first-infall model with a spherical infalling satellite. The disk
is visibly perturbed by the passage of the satellite and exhibits a
warp-like structure at later times. The time after the start of the
simulation and the orbital radius Rs, which is the distance of the
centre of mass of the satellite to M31, is indicated in each frame.
comparison, we also plot the same profile calculated for the
empirical models of GSS formation which rely on a dark-
matter-poor satellite (discussed in Section 3). We find that,
in our first-infall model, after the passage of the GSS progen-
itor, the disk thickness increases, as shown in Fig. 20, and
the scale height reaches about 2 kpcs, in good agreement
with the observations that give an average scale height of
2.8± 0.6 kpc for the thick disk of M31 (Collins et al. 2011).
Although the satellite is dark-matter-rich and massive, its
rapid passage through M31 guarantees that the disk of M31
is not destroyed or heated to extreme. It has previously been
suggested that minor mergers could be at the origin of the
thick disks of galaxies (Purcell et al. 2010) and in our work
we clearly see that the infall of the progenitor of the GSS
could be partially responsible for the thick disk of M31.
The passage of the satellite through M31 also causes
the disk of the galaxy to warp. In general, the integral-sign
warps can be viewed as the m = 1 or s-wave perturbations
that are excited in the disk by various sources (Hunter &
Toomre 1969) and in our case by the passage of the satel-
lite. Warps are characterised by their lines of nodes and
inclination angles (Briggs 1990). The diagram of the line of
nodes is an unusual polar plot of the angle made by the line
of nodes and the latitude of the concentric rings into which
the disk of the galaxy is divided, for the purpose of the
study of the warps. The line of nodes for our model devel-
ops into a spiral, as shown in Fig. 21, due to the differential
rotation of the disk, with a twist and a winding period of
about 3 Gyrs which are all generic characteristics of galactic
warps (Briggs 1990; Shen & Sellwood 2006). The observa-
tions find that the extended disk of M31 is about 30 kpcs
and its HI warp starts at around 16 kpcs (Newton & Emer-
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Figure 20. Heating of the disk of M31 due to the perturbations from the satellite in the N -body models that we studied in this work.
The results are shown for both disky and spherical progenitors and also for phenomenological models with a dark-matter-poor satellite
(Rinit = 40 kpcs), studied in Section 3, and our first infall models with a dark-matter-rich satellite (Rinit = 200 kpcs), studied in Section
5. Mean vertical height
〈
z2
〉1/2
and the vertical velocity dispersion
〈
σ2z
〉1/2
as functions of cylindrical radius in units of the scale radius
Rd = 5.4 kpc (see Table 1) of the disk are plotted. In both of our first-infall models, the passage of the satellite significantly disturbs the
disk because the progenitor retains a large fraction of its dark matter mass. The panels show that the outer regions of the disk (R > 2Rd)
are heated and become thicker with respect to the inner parts, in our cosmologically-motivated first-infall model.
son 1977; Henderson 1979; Brinks & Burton 1984; Chemin
et al. 2009) and the scale-height of the gas layer reaches a
maximum value of about 2 kpcs. These values agree reason-
ably with our results, although we find that the scale height
starts increasing at smaller radii for a stellar warp.
To demonstrate that the warps are indeed due to the
passage of our massive satellite, we also make a similar plot
of the line of nodes, in Fig. 22, for the empirical model that
we studied in Section 3. Although perturbed and slightly
heated, the disk is not warped in these models, which is
expected since the satellite is dark-matter poor and starts
its journey from a short distance of 40 kpcs from M31.
7 CONCLUSION
A wide range of observational data has progressively become
available for the Andromeda galaxy. The disk of Andromeda
is not flat but is distorted and warped. Its outskirts also seem
drastically perturbed and a giant stellar stream, extending
over tens of kiloparsecs, flows directly onto the centre of
Andromeda. The galaxy has about 30 satellites, observed so
far, many of which seem to be corotating on a thin plane.
These features have often been studied as unrelated events.
Here we have aimed at providing a unique scenario that
would fit these puzzling aspects of M31. We have shown
that the accretion of a dark-matter-rich dwarf spheroidal
provides a common origin for the giant southern stream and
the warp of M31, and a hint for the origin of the thin plane
of its satellites.
In our cosmologically-motivated model the trajectory
of the progenitor satellite lies on the same thin plane that
presently contains many of M31 satellites and separates from
the Hubble expansion at about 3 Gyrs ago and is accreted
from its turnaround radius, of about 200 kpcs, into M31. It is
disrupted as it orbits in the potential well of the galaxy and
consequently forms the giant stream and in return heats and
warps the disk of M31. The position of the GSS and the two
shelves are reproduced by our full N-body simulations which
uses a live M31. The observed mass of the GSS obtained
from its luminosity, is also predicted by our model, which is
in particular favoured by the kinematic data. A prediction
of our model is the actual position of the remnant of the
progenitor satellite which should be found behind the north-
eastern shelf.
As the satellite is dark-matter rich its infall perturbs
the disk of M31. The thickness of the disk of M31 increases
by a few kpcs and we have also shown that the lines of node
clearly indicate the presence of a warp with an angle going
to about 6
o
, which agrees with the observations.
The stringent constraints set by a full range of obser-
vations on the initial conditions strongly suggest that the
satellites of M31, which presently corotate on the same thin
plane as our progenitor dwarf, could have similarly been ac-
creted onto M31 along an intergalactic filament, which is yet
to be identified by the observations. The orbit of the pro-
genitor satellite lies very close to the direction of M31-M33,
as shown in Fig. 9 and Fig. 10, which could be along an in-
tergalactic filament (Wolfe et al. 2013), yet to be confirmed
by observations. Although not included, it is plausible that
the gas which could have been contained within our massive
satellite would also be disrupted during its passage through
M31 and could contribute to the puzzling HI filament that
joins M31 and M33 (Wolfe et al. 2013) which also has been
found to correlate, at least partially, with the giant southern
stream of M31 (Lewis et al. 2013).
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Figure 21. The diagram of the line of nodes showing the time-
evolution of the warp of M31 in our first-infall model, discussed
in Section 5. The snapshots are shown from the start of the sim-
ulation (T=0 Gyr) to the last time-step (T=2.7 Gyr) which cor-
responds to the present time. To make this diagram, the disk of
M31 is divided into concentric annuli of width of about 1 kpc
starting at 3 kpcs from the centre of M31 disk. The radial coordi-
nate is the warp or inclination angle that an annulus of the disk
makes with the inner disk plane, shown at one degree intervals.
The azimuthal coordinate gives the azimuth of the line of nodes.
The solid points are plotted for the radially-ordered annuli at 1
kpc intervals, apart from the first central point which is averaged
over 3 kpcs annulus. At the start of our simulation, there is no
warp, and all points crowd at the centre of the diagram. After
the passage of the satellite through M31, the line of nodes first
form a straight line and then form a spiral when the differential
rotation sets in (Briggs 1990). The warp rotates clockwise and
has a winding period of about 3 Gyrs.
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